cell's receptive field, space-averaged luminance remained constant over time, and the envelope instead modulated contrast (i.e., the receptive field was covered by a high-contrast pattern followed by a 0% contrast pattern; see Figure 1 ). The first-order cue caused the cell to depolarize by ‫5ف‬ mV and to spike ( Figure 3A) , and the second-order cue caused the cell to depolarize by ‫2ف‬ mV and to spike ( Figure 3B ). However, to the firstand second-order cues, both the membrane potential and spike responses behaved differently.
The membrane response to the first-order cue was sinusoidal at the drift frequency (F1 amplitude) with a smaller response at twice the drift frequency (F2 amplitude). At 6 Hz, the F1 amplitude accounted for nearly all of the response variance (r 2 ϭ 94.9% Ϯ 0.8%), and nance, but there is a strong modulation of contrast (maximal at time the spike rate followed the membrane potential except 1, minimal at time 3). Thus, the stimulus is "second-order" relative that, due to the spike threshold that resulted from low to the scale of the cell's receptive field. In order to detect the contrast modulations, the cell must combine the outputs of multiple subunits maintained discharge, the response was strongly recti-(small circles, one horizontal row shown at top) after the subunits fied (did not go negative).
undergo a nonlinearity.
Theoretically, the rectification caused by the ganglion cell's spike threshold cannot produce the response to the second-order motion cue. Instead, rectification must broad Gaussian. The surround was relatively weak in occur in the narrow-field subunits that drive the cell most cells -its integral was only ‫%9ف‬ of the integral because these subunits are sensitive to the high spatial of the center ( Figure 2B ), but it was needed to achieve frequencies in the second-order stimulus (Baker, 1999). a good fit.
To demonstrate that rectification caused by the ganglion The spatial transfer function of the subunit receptive cell's spike threshold is not required, we injected posifield was measured using a contrast-reversing grating.
tive current to raise the maintained discharge and thus Spikes were measured for stationary gratings of various reduce rectification. This increased the response to the spatial frequencies whose contrast was modulated at second-order stimulus (n ϭ 3; Figure 3C (Figures 2A and 2B ). In addition, the subunits respond to second-order cues (Zhou and Baker, 1994) . were sensitive to higher spatial frequencies than the We conclude that rectification due to the ganglion cell's center-surround. The second-order motion stimulus spike threshold is neither necessary nor sufficient to was created by weighting the contrast of a high spatial generate the response to the second-order motion cue. frequency "carrier pattern" by a lower-frequency "conWe compared the shape of the temporal filter for firsttrast envelope" ( Figure 2C ). We used a high spatial freand second-order motion cues by measuring responses quency for the carrier that should be visible to the Y cell's to modulation at 1-12 Hz ( Figure 3C ). Responses were subunits ( Figure 2D ). The subunit was approximately six bandpass, peaking at an intermediate frequency (beto seven times more sensitive than the center-surround tween 4 and 10 Hz; n ϭ 15), and on average were the at the frequency range of the carrier ( Figure 2B ). Thus, same for both cues ‫5.7ف(‬ Hz; Figure 3D ). Responses of the response to the second-order motion stimulus dethe membrane potential and spikes were similar except pends on the fine spatial resolution of the Y cell's that at low temporal frequencies the spikes were relasubunit. tively more attenuated (Lankheet et al., 1989). At all temporal frequencies, the second-order cue evoked a Responses to Cues for Firstrelatively large F2 component and was thus more biphaand Second-Order Motion sic. Thus, responses to first-and second-order cues The first-order motion cue was a coarse drifting grating.
showed similar bandpass temporal sensitivities but At the spatial scale of the cell's receptive field, the gratcomprised distinct temporal profiles (i.e., distinct relaing modulated luminance (i.e., the receptive field was tive F1 and F2 amplitudes). covered by a dark bar followed by a light bar). The second-order motion cue was a coarse, drifting enveControl Experiments lope that modulated the contrast of a fine, stationary Possibly, the response attributed to the second-order motion cue was actually caused by a first-order cue grating (the carrier pattern). At the spatial scale of the lopes with flicker or contrast modulation, as in Figure  4A , were nearly identical ( Figure 4B ), suggesting that First, we drifted a square-wave contrast envelope with discrete occluding bars at the calculated mean lumithe calculated mean luminance based on the gamma correction was nearly perfect. nance of the carrier pattern ( Figure 4A ). If the average luminance of the dark and bright carrier bars differed Finally, we defocused the microscope to attenuate high spatial frequencies ( Figure 4C ). This should not significantly from the luminance of the occluding envelope, there would be a first-order motion cue (i.e., lumiaffect the response to the first-order motion cue by the coarse drifting grating and, in fact, did not. However, nance modulation) at the low spatial frequency of the envelope. To correct for this putative luminance modulablurring the high-frequency carrier grating would reduce the modulation of contrast and thus reduce the retion, we added a luminance signal to the occluding enve- that drifting the envelope genuinely modulates contrast the ganglion cell's membrane potential rather symmetrically above and below the resting potential. If the hyperwith minimal modulation of luminance. Consequently, the ganglion cell response to the modulation of contrast polarizing component were caused by direct inhibition (opening a Cl Ϫ or K ϩ channel with E rev negative to rest), genuinely represents a response to second-order motion.
injecting negative current should reduce it, and positive current should enhance it. This proved true for responses to both first-and second-order motion cues in Cellular Mechanism We next asked whether the circuits that drive the re-OFF cells (n ϭ 5; Figure 6 ). For ON cells, negative current increased hyperpolarizing responses to both motion sponse to the second-order motion cue are local (cospatial with the ganglion cell's dendritic field) or global cues (n ϭ 2), suggesting that their hyperpolarizing components are caused by presynaptic inhibition of excit-(over millimeters). To test this we presented stimuli to the full field or restricted it to the center or periphery atory ( First-and second-order motion cues both modulate signals via action potentials, and we considered whether cue, tonic inhibitory input from spiking amacrine cells normally balanced excitatory (bipolar cell) inputs, maintaining response modulations close to the resting potential. TTX also reduced the biphasic structure of the response to the second-order motion cue. This biphasic pattern occurred during each stimulus cycle when the initial monophasic depolarization was interrupted by a hyperpolarization; TTX blocked the hyperpolarizing component (Figure 7) . The F2 amplitude, which is sensitive to the biphasic response, was initially 0.93 Ϯ 0.28 mV (n ϭ 9) and decreased with TTX by 0.33 Ϯ 0.14 mV (p Ͻ 0.05). In contrast, the F1 amplitude, a measure of the monophasic response, was initially 1.35 Ϯ 0.42 mV and increased slightly with TTX by 0.07 Ϯ 0.31 mV. Thus, the phasic inhibitory input during each cycle of secondorder motion that creates the signature biphasic response must arise from a spiking amacrine cell. 
Discussion

Mechanisms for Rectification
The rectification that drives the response to secondresponse. The response to the second-order motion cue was also altered; rather than modulating about the order motion could originate either within the bipolar and amacrine cells or possibly at the output of the cones resting potential, there was a tonic depolarization of ‫4ف‬ mV which itself was modulated ( Figure 7A ). TTX affected that provide their excitatory drive. It was determined using psychophysical methods that cones probably the hyperpolarizing component in both OFF cells (n ϭ 7) and ON cells (n ϭ 2) ( Figure 7B) . contain an output rectification (compressive nonlinearity) that is especially prominent at high-contrast (He and On average, TTX reduced the amplitude of the hyperpolarization (trough) and increased the amplitude of the MacLeod, 1998). For several reasons we believe that, for the second-order motion response measured here, depolarization (peak) ( Figure 7C ). This was most striking for the second-order cue where the initially hyperpolarizthis rectification in the cone output would not contribute significantly. First, cone output rectification is strongest ing trough shifted positive to the resting potential ( Figure  7C, arrowheads) 1998; Scott-Samuel and Georgeson, 1999), and yet we were able to measure responses to second-order cues at 18% contrast (n ϭ 3; data not shown). Finally, a cone measured robust responses to second-order cues at low temporal frequencies (1-4 Hz) (Figures 3 and 4) . output rectification predicts that all cells would respond to second-order motion (since all cells are ultimately Second, cone output rectification is negligible at low contrast (Ͻ40%) (He and MacLeod, 1998) , and yet we driven by cones under photopic conditions), and this is 
